Abstract The photodegradation of a herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) by ferrous oxalate/UV/H 2 O 2 was studied. Ferrous oxalate, the more photoactive and reactive species, was found to react faster with hydrogen peroxide for hydroxyl radical production than ferrous ions under UV irradiation. About 2.9 times greater rate enhancement was found with the addition of 0.3 mM oxalate than that of a solution containing 0.1 mM Fe 2+ and 1 mM H 2 O 2 in the presence of UV light at 253.7 nm. The kinetics dependence of hydrogen peroxide concentration and initial solution pH were also investigated. A threefold increase in peroxide concentration could accelerate the removal of 2,4-D and nearly complete the reaction in 30 min of illumination. The initial decay rate of 2,4-D treated by ferrous oxalate/UV/H 2 O 2 accelerated from 0.0029 to 0.0034 s -1 and the overall removal of the starting material increased from 78% to 99.9%. The 2,4-D transformation at lower initial pH had higher reaction rates than that at higher pH and different reaction mechanisms were identified. The efficiency of the herbicide decomposition was retarded 2.6 times and 9.6 times as initial pH increased from 2.8 to 5.1 and 9.0, respectively.
Introduction
2,4-dichlorophenoxyacetic acid (2,4-D) is, an environmental contaminant, commonly found in the surface water and groundwater near agriculture fields or golf courses. It is utilized as a systemic herbicide to control many types of broadleaf weeds and as a plantgrowth regulator in agriculture and gardening. 2,4-D has been shown to be successfully mineralized in water by various advanced oxidation processes (AOPs) such as UV/H 2 O 2 (Arkhipova et al., 1997) , TiO 2 /sunlight (Herrmann et al., 1998) , and sonolysis (Peller et al., 2001) . In addition, the well-known Fenton's reaction (see Eq. (1)) is also found to be improved by UV irradiation in transforming 2,4-D more effectively. 
Recent studies have shown that the use of Fe(III) complexes such as ferrioxalate with hydrogen peroxide in photo-irradiation is a new and promising attempt to degrade organic pollutants because ferrioxalate complexes have a very high molar absorption coefficient for wavelengths above 200 nm (Balmer and Sulzberger, 1999) . However, the use of Fe(II) instead of Fe(III) has seldom been discussed. The complexes formed between Fe 2+ and oxalate are mainly the mono-, or bis-oxalate complexes (Fe II C 2 O 4 or Fe II (C 2 O 4 ) 2 2-), where the distribution of dominant species depends on the oxalate concentration and pH level (Park et al., 1997) . Kwan and Chu (2003) stated that the initial decay rate of 2,4-D was faster when the reaction was initiated by ferrous oxalate than that by ferrioxalate in the presence of H 2 O 2 and UV light. Since the information regarding the removal of chlorinated herbicide by ferrous oxalate/H 2 O 2 system is very limited, this project investigates the kinetics of the transformation of herbicide 2,4-D with ferrous oxalate and H 2 O 2 in the presence of UV light at two different hydrogen peroxide concentrations and various initial pH levels. 
Methods
In all the experiments, the initial pH of the solution was adjusted by either 6 M sodium hydroxide or 3 M sulphuric acid prior to the addition of the iron. For the ferrous oxalate oxidation, stock solutions of potassium oxalate and iron (II) sulphate were mixed and stirred for at least 45 min. Ferrous oxalate was added to the 2,4-D solution and allowed 15 min to reach equilibrium, the solution was then transferred into a 400-mL cylindrical quartz column in an RPR-20 Rayonet™ photochemical reactor. The reaction was then initiated by the addition of hydrogen peroxide while the solution was simultaneously irradiated by 253.7 nm UV irradiation. The illuminated samples were removed from the photoreactor at a prefixed time. Exactly 1 mL of methanol was added to the well-mixed illuminated sample to quench the degradation prior to HPLC measurement. 2 mL of illuminated sample was removed from the photoreactor at a prefixed time. Exactly 1 mL of methanol was added to the sample to quench the degradation prior to HPLC analysis. The initial concentration at time zero was determined from an unexposed sample. A high-performance liquid chromatograph (HPLC) equipped with a 250-mm, 5-µm, ID 4.6mm Hypersil ODS C-18 column (Alltech) was used for the 2,4-D quantification. The mobile phase was a mixture of 0.15% acetic acid and acetonitrile in the ratio of 50:50 at a flow rate of 1.5 mL/min. Figure 1 shows the decay ratios (C/Co) for all the above cases. The direct photodecomposition by using UV alone of 2,4-D was almost intact with less than 10% of 2,4-D being transformed but the overall removal was improved to 20% when 1 mM hydrogen peroxide was added to the solution (i.e. UV/H 2 O 2 ). The addition of oxalate shown in Figure 1 has no effect on the 2,4-D photolysis in the systems regardless of the use of H 2 O 2 or not. The use of Fe 2+ /H 2 O 2 /UV can surely increase the rate due to the involvement of Fenton's process. However, it was interesting to note that the photodegradation of 2,4-D could be further improved if ferrous was replaced by ferrous oxalate. At which, 2,4-D decayed exponentially with a fast initial rate and then followed by a slower rate in the second phase. It is because the first phase of the oxidation was dominated by radical (HO·) reactions and the highly photosensitive ferrous oxalate complexes effectively assisted the production of this radical in the presence of UV light:
Results and discussion
The transformation would gradually slow down when hydrogen peroxide was depleted. The concentration of hydrogen peroxide was decreasing during the reaction due to the ferrous/ferrous oxalate consumption (Eqs (1) and (2)) or its photolysis to hydroxyl radicals (Eq. (3)).
During the second phase, direct UV irradiation became the sole mechanism available for 2,4-D decay. As mentioned before, applying UV light alone was not very efficient in removing 2,4-D; therefore, completed transformation of the herbicide could be difficult. The slow reaction rate in the second stage may also be partly contributed by the involvement of parallel oxidation. For example, the intermediates such as 2,4-dichlorophenol might compete for hydroxyl radicals with 2,4-D in the solution.
Effect of hydrogen peroxide
The photodegradation of 2,4-D by a mixture of 0.1 mM Fe 2+ and 1 mM or 3 mM hydrogen peroxide in the presence or absence of 1.2 mM oxalate was studied. The initial pH was set at 2.8. A plot of decay ratio against reaction time is shown in Figure 2a and the corresponding initial decay rates and the starting material overall removal are summarized in Table 1 . Assuming the hydrogen peroxide is a constant in both ferrous/UV/H 2 O 2 and ferrous oxalate/UV/H 2 O 2 processes, so the rate of peroxide loss is only dependent upon its consumption by ferrous or ferrous oxalate. The increment of hydrogen peroxide concentration leads to a rate enhancement, at which, the initial reaction rates of the ferrous/H 2 O 2 /UV system and the ferrous oxalate/H 2 O 2 /UV treatment were accelerated 1.55 times and 1.17 times, respectively. The higher rate enhancement (i.e. the former) indicates initial concentration of hydrogen peroxide has a greater impact on the ferrous photooxidation than that on the ferrous oxalate photoreaction (see Figure 2a ). However, with or without additional hydrogen peroxide, the decay curves of the two systems come across at 30 min, this implies that H 2 O 2 is capable of transforming the starting material at the same final oxidation capacity, but the reaction with ferrous oxalate has reached this level 20 min earlier than that with ferrous only. In addition, the higher the initial [H 2 O 2 ], the higher the final oxidation capacity. Another observation found in the ferrous oxalate system is that H 2 O 2 was used up at 10 min, and hence only 2% of 2,4-D was removed during the last 20 min because direct photolysis was the sole and less effective degrading mechanism within this period. In contrast, the treatment with ferrous/UV/H 2 O 2 took 30 min to achieve around three-quarters of the herbicide removal. One conclusion that can be drawn is that ferrous oxalate is much faster than ferrous in forming OH· regardless of the amount of hydrogen peroxide used (see Table 1 ). In other words, the reactivity of ferrous oxalate toward hydrogen peroxide is higher than that of ferrous ions. It is not surprising that the ferrous/H 2 O 2 /UV process illustrates a greater hydrogen peroxide requirement for a rate enhancement than that of the ferrous oxalate/H 2 O 2 /UV process because ferrous ions react slower with peroxide compared to ferrous oxalate. Although ferrous oxalate/H 2 O 2 /UV enhances the transformation of 2,4-D, this process is not sensitive to the increment of peroxide amount except during the second phase where the level of peroxide concentration is extremely low. Because the final oxidation capacity is sensitive to the dose of [H 2 O 2 ], as the [H 2 O 2 ] increased to 3 mM, almost all starting material was removed.
Effect of initial pH
To investigate the pH dependence on the kinetics of 2,4-D decay by a ferrous-oxalatemediated system, 2,4-D was irradiated in a solution containing 0.1 mM Fe 2+ , 1 mM H 2 O 2 and 1.2 mM oxalate at an initial pH range of 2.0-9.0. Table 2 summaries the initial and final solution pH, decay rates and percent loss of the starting material. It is clearly shown that the initial rate and the overall removal were dependent on the initial solution pH, giving a maximum rate of 2.9 × 10 -3 s -1 at pH 2.8. Low initial pH enhances the transformation of 2,4-D in terms of favouring the formation of the photoactive ferrous oxalate complexes. Park et al. (1997) suggested that Fe II (C 2 O 4 ) comprised 70% of total Fe(II) species and uncomplexed Fe 2+ occupied the remaining 20% including a small amount of Fe II (C 2 O 4 ) 2 2-when free oxalate molecules were in excess at pH 2.8. Since ferrous oxalate were found to be more photoreactive than ferrous towards hydrogen peroxide, the dominance of such photosensitive species Fe II (C 2 O 4 ) would increase the formation of hydroxyl radicals. In spite of the enhancement effect, extreme low solution pH may inhibit the reaction because high proton concentration could scavenge hydroxyl radicals and form water as indicated in the following reaction (Spinks and Woods, 1990) :
This explains why the optimal initial pH is at 2.8 but not at 2.0 since some of the hydroxyl radicals might be consumed by protons when the initial solution pH was below 2.8. Nevertheless, the overall solution pH drops because OH -ions are produced as a by-product from Eq. (2). As shown in Table 2 , the herbicide degradation was retarded as the pH increased further, and there were threefold and tenfold reductions in initial decay rates as initial pH increased to 5.1 and 9.0, respectively. This is because high pH reduces the complexation between ferrous ions and oxalate molecules. As a result, the comparably less reactive ferrous becomes the major species to react with hydrogen peroxide for the formation of hydroxyl radicals. Actually, most ferrous ions will be oxidized to ferric ions and then precipitate out in such a basic environment. This can be justified by the decreasing final solution pH (i.e. rather than rising like the previous reactions) which may be due to the release of protons from hydrolysis of the Fe 3+ product. Besides, other reaction mechanisms in addition to ferrous-related reaction might be involved in reducing the solution pH. One possibility is the replacement of chloride ions by OH -ions on the irradiated aromatic ring of 2,4-D through photohydrolysis pathway, which could also account for the dropping at high initial solution pH (Coyle, 1986) . Hydrogen peroxide depletion by photolysis (see Eq. (3)) and/or by its self-decomposition (see Eq. (5)) is another major factor hindering the 2,4-D decomposition in an alkaline medium:
Even though the photolysis of peroxide gives two hydroxyl radicals, radicals are seldom produced from this mechanism since Chu (2000) reported that nearly 100% H 2 O 2 decay was caused by self-decomposition at very high solution pH. The products of H 2 O 2 selfdecomposition (Eq. (5)) are water and dioxygen, at which, no (or very few) free radicals would be formed. Thus, the basic environment suppresses the transformation of 2,4-D through the limited production of hydroxyl radicals directly (Eq. (3)) or indirectly (Eq. (2)).
Conclusions
In this study, 2,4-D has been shown to be more effectively transformed by the ferrous oxalate/UV/H 2 O 2 process compared to the conventional ferrous/UV/H 2 O 2 system. However, oxalate itself had little or no effect on the decomposition of 2,4-D by either the UV or the UV/H 2 O 2 treatments. The significance of the addition of oxalate to ferrous/UV/H 2 O 2 is to form photosensitive complexes with ferrous ions. Ferrous oxalate reacts much faster with hydrogen peroxide to produce hydroxyl radicals than ferrous in the presence of UV light. When the dose of hydrogen peroxide is increased, an increase in initial reaction rate and higher final oxidation capacity (up to 100% removal) of 2,4-D is observed. Initial hydrogen peroxide concentration not only controls the decay rate, but also determines the completeness of the photodegradation of the parent compound. In addition, the ferrous oxalate/H 2 O 2 photooxidation is pH dependent, where the optimum pH level is at 2.8 and the initial decay rates decrease with the increasing of pH. In the alkaline medium, since hydrogen peroxide is instable and more photosensitive, the formation of hydroxyl radicals is limited leading to a rate reduction. However, at higher initial pH, another mech-anism, photohydrolysis, is likely to be responsible for the disappearance of 2,4-D due to the presence of abundant [OH -].
